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Edited by Ulf-Ingo Flu¨ggeAbstract Due to their central role in sugar metabolism and sig-
nalling plant hexokinases have been studied in great detail, how-
ever, little is known about the spatial and temporal expression
and the sub-cellular distribution of individual hexokinase iso-
forms. Based on in planta and in vitro studies the recently iso-
lated tobacco hexokinase 2 (Hxk2) could be located in the
chloroplast stroma and biochemically characterized. Hxk2 rep-
resents the ﬁrst innerplastidic hexokinase described from higher
plants. Promoter studies indicate that Hxk2 is mainly expressed
in cells of the vascular starch sheath and xylem parenchyma, in
guard cells and root tips. We propose a role for Hxk2 in starch
and secondary metabolism in the mentioned tissues.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Plant growth and development is highly dependent on the
coordinated allocation and utilization of available nutrients.
In recent years, it has been demonstrated that certain metabo-
lites act as signalling molecules regulating gene expression and
enzyme activities of multiple pathways. In this respect, sugars
play a pivotal role in regulating photosynthesis, defense re-
sponses and sink development. Sugar sensing may take place
at multiple levels with hexokinase(s) playing a central role
[1]. Hexokinase (Hxk; EC 2.7.1.1) catalyzes the phosphoryla-
tion of hexoses at C6 and thus makes them accessible for fur-
ther metabolism.
Plant hexokinases are encoded by small gene families with
members targeted to diﬀerent sub-cellular compartments
including the cytosol, mitochondria and plastids [2–4]. Most
of the biochemical characterizations were performed without
knowledge of the enzyme sequences. Both cellular and sub-
cellular distribution of hexokinases will be important for coor-
dinated sugar metabolism and/or signalling. Based onAbbreviations: GUS, b-glucuronidase; Hxk, hexokinase; OPPP, oxi-
dative pentose phosphate pathway; WT, wild type
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at least three types [5]. Homology within the three types corre-
lates well with the existence of a putative cleavable chloroplast
transit peptide for type A, and an N-terminal membrane an-
chor for type B1 and B2. Tobacco Hxk2 described here be-
longs to the type A hexokinases. While localization at the
outer membrane of mitochondria or plastids can be interpreted
as an adaptation to ATP supply or energetization of glucose
export [4], the role for an innerplastidic hexokinase is unclear.
The ﬁrst innerplastidic hexokinase was described as the ma-
jor hexose-phosphorylating enzyme in Physcomitrella patens
(PpHxk1) [5]. In this report, we provide evidence that tobacco
Hxk2 is localized in the chloroplast stroma of specialized
starch containing cells, where it might be required to fuel the
oxidative pentose phosphate pathway (OPPP) following starch
breakdown.2. Materials and methods
2.1. Isolation of Hxk cDNAs
A tobacco leaf cDNA library [6] in k-ZAPII (Stratagene, La Jolla,
CA, USA) was screened under low stringency conditions following
standard procedures [7].
2.2. Isolation of the Hxk2 promoter region
The Universal GenomeWalker Kit (Clontech, Palo Alto, CA,
USA) was used according to the manufacturers manual. Sequence
of ﬁrst primer was 5 0-TAAACTAACACCAGATCGGACGG-
CAGCG-3 0, nested primer was 5 0-ACACGTGGCTTGGAGATCTT-
TTTGTAAGG-3 0.
2.3. Construction of plasmid Hxk2
Hxk2 open reading frame including stop codon was ampliﬁed by
PCR adding BamHI (5 0) and SalI (3 0) restriction sites. The fragment
was ligated into binary vector pBinAR [8] in sense direction under con-
trol of the CaMV 35S promoter.
2.4. Construction of plasmids Hxk2::GFP and Hxk2N::GFP
Green ﬂuorescent protein (GFP) was ampliﬁed from pBin m-gfp5-
ER [9] excluding the ER retention signal. The fragment was ligated
via added EcoRI (5 0) and SalI (3 0) restriction sites into pBluescript
SK (Stratagene), yielding pBluescript-GFP.
Hxk2 open reading frame excluding the stop codon was ampliﬁed
with added BamHI (5 0) and EcoRI (3 0) restriction sites and fused in
frame to GFP in pBluescript-GFP. The fused genes were cut BamHI/
SalI and ligated into binary vector pBinAR, ﬁnally yielding
Hxk2::GFP.
A Hxk2 fragment coding for the ﬁrst 66 amino acids was ampliﬁed
with added BamHI (5 0) and EcoRI (3 0) restriction sites and further
treated analogous to Hxk2::GFP to yield Hxk2N::GFP.blished by Elsevier B.V. All rights reserved.
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The genomic region (Accession No. AY664412) 924 to 47 up-
stream of Hxk2 ATG was ampliﬁed adding HindIII (5 0) and BamHI
(3 0) restriction sites. The fragment was ligated into binary b-glucuron-
idase (GUS) vector pBi101.1 [10].
2.6. Detection of GFP
GFP signals were detected with the confocal laser scanning micro-
scope LSM 510 META (Zeiss, Jena, Germany). Excitation wavelength
was 488 nm, emission of GFP was detected at 510–525 nm, chlorophyll
autoﬂuorescence at 645–700 nm.
2.7. Protein import assay
Hxk2 cDNA (Accession No. AY553215) and Hxk2N::GFP were li-
gated into pBluescript SK- downstream of the T7 or T3 promoter,
respectively. In vitro transcription, translation and import into isolated
chloroplasts were performed as described in [11].
Radiolabelled precursor proteins were added to puriﬁed intact
spinach or pea chloroplasts and incubated for 20 min at 25 C in
the light. After the import reaction, the chloroplasts were treated
with thermolysin, reisolated by Percoll gradient centrifugation and
fractionated into stroma and thylakoids. The thylakoids were trea-
ted again with either thermolysin or mock-treated to investigate
whether the proteins were further transported into the thylakoid
membrane or lumen. Stoichiometric amounts of each chloroplast
fraction, corresponding to 12.5 lg chlorophyll, were separated on
10–17.5% SDS–polyacrylamide gradient gels and visualized by phos-
phorimaging.
2.8. Colorimetric detection of GUS activity
Tissue samples were stained at 37 C in a buﬀer containing 100 mM
sodium phosphate, pH 7.2, 0.1% Triton X-100, 15 mM b-mercap-
toethanol, and 1 mM X-Gluc. After appropriate time the samples were
bleached in 80% ethanol.
2.9. Measurement of hexokinase activity
Plant material from source leaf lamina was homogenized in 8 vol-
umes of 50 mM Tris–HCl, pH 6.8, 5 mM MgCl2, 5 mM b-mercap-
toethanol, 15% glycerol, 1 mM EDTA, 1 mM EGTA, and 0.1 mM
Pefabloc. Crude extracts were desalted by centrifugation through a col-
umn of Sephadex G25 medium. Protein content was determined
according to [12].
Hexokinase activity was measured at 30 C in a 96-well plate
reader (Spectra Rainbow Thermo, Tecan) with a 340 nm absorption
ﬁlter in a total volume of 300 ll. Reaction mixture contained
100 mM HEPES–KOH, pH 8.4, 4 mM ATP, [ATP] + 1.5 mM
MgCl2, 0.8 mM NAD, 0.5 U glucose-6-phosphate-dehydrogenase
from Leuconostoc mesenteroides, 0.5 U phosphoglucose isomerase
(for fructose and mannose as substrates only), and 0.5 U phospho-
mannose isomerase (for mannose as substrate only). Reaction was
started by addition of hexose. When measuring aﬃnity to ATP, hex-
ose was included in reaction mixture and reaction was started by
addition of ATP.
For determination of kinetic constants, 11 concentrations of sub-
strate were measured. Constants were calculated by non-linear regres-
sion with the programmes Enzyme Kinetics 1.1 and SigmaPlot 7.101
(SPSS Inc., Chicago, USA).
2.10. Plant transformation
Transformation of tobacco plants using Agrobacterium-mediated
gene transfer was carried out as described in [13].Fig. 1. Hxk2 is imported into chloroplast stroma. Top half: Localiza-
tion of Hxk2::GFP fusion protein in epidermal cell of transgenic
tobacco plant. (A) Light emission of GFP, (B) chlorophyll autoﬂuo-
rescence, (C) merged picture from (A) and (B), scale bars = 20 lm.
Bottom half: Import of (D) Hxk2 and (E) Hxk2N::GFP fusion protein
into intact chloroplasts isolated from spinach and pea. In lanes t,
0.25 lg of the in vitro translation assays was loaded. s: stroma, :
mock-treated thylakoids, +: thermolysin-treated thylakoids. The
mobilities of the molecular size markers are indicated at the left. The
positions of the precursor proteins and the terminal processing
products are indicated by black and white arrows, respectively.3. Results
3.1. Isolation and characterization of Hxk2 cDNA
Screening of a tobacco cDNA library [6] with Hxk1 and
Hxk2 from Arabidopsis thaliana as probes yielded four homol-
ogous clones: the already published Hxk1 (Accession No.
AF118133) [4], the very similar Hxk1a (Accession No.
AY553214), Hxk3 (Accession No. AF118133), and Hxk2(Accession No. AY553215), which will be presented here in
more detail.
The Hxk2 protein has a calculated mass of 54 kDa and is a
new representative of the type A hexokinases [5] with a puta-
tive cleavable chloroplast transit peptide of 30 amino acids
[14,15]. Identity with other tobacco hexokinase proteins is
about 53%. The only type A hexokinase with veriﬁed plastidic
localization is PpHxk1 from P. patens [5] with 49% identity on
the amino acid level.
3.2. Hxk2 is imported into the plastid stroma
In transgenic tobacco plants the fusion proteins Hxk2::GFP
(Fig. 1) and Hxk2N::GFP (data not shown), which carries only
the N-terminal 66 amino acid residues of Hxk2, were both di-
rected to chloroplasts. GFP signals were extremely faint and
could not distinguish between innerplastidic and membrane-
bound localization of the proteins. To clarify the localization,
in vitro protein import experiments were conducted with both
the authentic Hxk2 precursor and the chimeric Hxk2N::GFP
protein (Fig. 1).
The two precursor proteins of 55 kDa (Hxk2) and 35 kDa
(Hxk2N::GFP) were eﬃciently imported into intact isolated
chloroplasts from both spinach and pea. Within the chloro-
plasts, the proteins accumulated in the stroma fraction where
they were found to be processed to 52 and 31 kDa, respec-
tively, which is in line with the sizes expected for the mature
polypeptides after removal of the chloroplast targeting transit
peptide. A control experiment showed that removal of the
transit peptide was not an artifact due to the action of therm-
olysin (data not shown).
Table 1
Kinetic constants of Hxk with glucose (glc), mannose (man) and
fructose (fru) as substrates
Substrate Kmapp Vmax (nmol mg
1 min1)
(A) Hxk2
glc 53 ± 2 lM 54 ± 1
man 96 ± 5 lM 23 ± 0.3
fru 14 ± 1 mM 51 ± 1
(B) WT
glc 30 ± 2 lM 9.3 ± 0.2
man 21 ± 2 lM 4.9 ± 0.1
fru 1 82 ± 3 lM 9.6 ± 0.1
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the GFP fusion proteins. It should be noted that an additional
polypeptide of approximately 22 kDa found in the translation
assay of Hxk2N::GFP accumulated in the stroma fraction in
the course of the import experiment (data not shown). The nat-
ure of this polypeptide remains unclear so far, but it is a com-
monly observed phenomenon with GFP containing assays
(Klo¨sgen, unpublished data).
3.3. Hxk2 promoter is active in starch sheath, xylem
parenchyma, guard cells and root tips
Northern blot hybridization of Hxk2 showed signals in all
plant tissues tested except for source leaf lamina and mature
anthers (data not shown). To clarify the tissue speciﬁcity the
Hxk2 promoter was isolated and analyzed.
A 924 bp genomic fragment upstream of ATG (Accession
No. AY664412) was identiﬁed by genome walking. The corre-
sponding cDNA clone shows that at least 316 bp of the up-
stream region belong to the 5 0-UTR of the Hxk2 mRNA,
leaving a maximum of 608 bp for the promoter region. The
nearest putative TATA box (TAATAAA) lies 374 bp upstream
of ATG. A CAAT box is positioned 54 bp further upstream.
Tobacco plants were transformed by Agrobacterium-medi-
ated gene transfer [13] with the chimeric Hxk2 promoter/
GUS gene PrHxk2::GUS. Out of 80 regenerated plants, 10 po-
sitive lines were analyzed in detail. All showed speciﬁc GUS
activity in the starch sheath, xylem parenchyma, guard cells
and root tips (Fig. 2). Except for GUS activity in mature pol-
len the results correlated well with northern blot hybridization
of Hxk2.
3.4. Basic biochemical properties of Hxk2
To study the biochemical properties of Hxk2 in its natural
environment, the respective cDNA was cloned into the binary
vector pBinAR under control of the 35S CaMV promoter and
used for tobacco transformation. Out of 40 regenerated plants
four plants with up to sixfold higher hexokinase activity than
wild type (WT) were further propagated to the T1 generation
and used for a detailed biochemical analysis of the ectopically
expressed enzyme.Fig. 2. Histochemical localization of GUS activity in tobacco plants
transformed with PrHxk2::GUS. (A) Schematic drawing of
PrHxk2::GUS, (B) cross-section of a petiole, ss = starch sheath,
x = xylem, xp = xylem parenchyma, scale bar = 0.2 mm, (C) root tip,
scale bar = 2 mm, (D) leaf epidermis with guard cells, scale
bar = 20 lm.Activity measurements were performed with desalted crude
extracts from line 33 displaying highest activity.
Northern blot, Western blot (data not shown) and promoter
analysis show that in the untransformed tobacco plants Hxk2
is hardly expressed in the lamina of source leaf. So far it is not
known which hexokinase is responsible for the endogenous
activity measured in the WT leaf, but the kinetic values pre-
sented in Tables 1 and 2 indicate that it is a diﬀerent isoform
than Hxk2. Assuming endogenous hexokinase activity in
Hxk2 plants as high as in WT plants, all values measured in
Hxk2 expressing plants were corrected by subtracting respec-
tive values measured in WT plants. Kinetic constants are pre-
sented with and without this correction in Tables 1 and 2.
With fructose as substrate a biphasic kinetic curve was ob-
served with two distinct aﬃnities. The high aﬃnity activity
(fru 1) reached maximal activity between 0.5 an 1 mM and
obviously originated from a fructokinase [16]. The low aﬃnity
activity (fru 2) was not saturated below 100 mM and can be
attributed to a hexokinase. Kinetic parameters of (fru 2) were
calculated after subtracting a constant (fru 1) activity at high
fructose concentrations and thus represents only a rough esti-
mation (Table 1).
pH dependence of Hxk2 was measured between pH 5.2 and
9.2. Hxk2 displayed highest activity at pH 8.0 and higher (data
not shown).
Aﬃnity of Hxk2 to diﬀerent sugar substrates declined in the
order glucose > mannose fructose (Table 1).fru 2 20 ± 3 mM 10 ± 1
(C) Hxk2-WT
glc 60 ± 3 lM 45 ± 1
man 149 ± 10 lM 19 ± 0.3
fru 25 ± 2 mM 34 ± 1
(A) Hxk2, calculated from raw values, (B) WT, (C) Hxk2, calculated
under the assumption of an endogenous Hxk background activity as
high as measured in the WT. Four samples were measured twice,
2n = 8 with standard error indicated.
Table 2
Aﬃnities of Hxk2 and WT Hxk to ATP with 1 mM glucose as
substrate
Hxk K0.5 (lM) n
Hxk2 590 ± 43 0.74 ± 0.02
WT 278 ± 60 0.59 ± 0.04
Hxk2-WT 624 ± 44 0.83 ± 0.02
Hxk2-WT takes into account an assumed endogenous background
activity in Hxk2 plants as high as in the WT. Vmax were similar to those
in Table 1. Eight samples were measured twice, 2n = 16 with standard
error indicated.
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showed negative cooperativity with respect to ATP as sub-
strate (Table 2).4. Discussion
Tobacco Hxk2 is the ﬁrst hexokinase of higher plants known
to be localized in the plastid stroma. Promoter analysis shows
that expression is mainly restricted to starch sheath, xylem
parenchyma, guard cells and root tips. We assume that this
tissue speciﬁcity is common for other type A hexokinases of
higher plants and that this may be one of the reasons why they
were not discovered earlier. Another reason is their inability to
complement Hxk-deﬁcient yeast cells [5]. Since sequences of
type A hexokinases diﬀer substantially from the well known
type B2 enzymes [5], they may simply pass a conventional
cDNA screening undetected. In potato tuber, three diﬀerent
hexokinase proteins could be separated [16]. The third isoform
was the least active and subsequent cDNA screenings failed to
isolate a respective clone [17]. It is well possible that this third
isoform was HxkRP1 (Accession No. AAL55635), a close rel-
ative of tobacco Hxk2.
Aﬃnities to glucose, mannose and fructose are in the range
known from other hexokinases [3,16]. There are only few re-
ports on aﬃnity to ATP, the most detailed is given in [16].
Negative cooperativity has not been reported so far. Since
cooperativity may be artiﬁcial due to several experimental
ﬂaws [18], a more thorough investigation of the phenomenon
is obligatory. Inﬂuence of Al3+ ions as contaminants in com-
mercial ATP preparations could be ruled out by measuring
activity at pH 8.4 and by addition of 0.5 mM NaCitrate to
the buﬀer [19]. Since activity was measured in crude extracts,
parameters may diﬀer from those of puriﬁed enzymes.
None of the currently known tobacco hexokinase genes
shows high expression in the source leaf lamina. It is not
known whether the activity measured in the WT leaf represents
an unknown isoform or a mixture of several enzymes. How-
ever, kinetics of the WT hexokinase resembled those of
Hxk3 and Hxk1, which were overexpressed and characterized
in parallel experiments (data not shown).
Although biochemical evidence for a stromal hexokinase or
fructokinase existed for some years [2,3,20,21], the physiologi-
cal role is largely unknown. Promoter activities of ADP-glu-
cose pyrophosphorylases [22,23] and a plastidic b-amylase
[24] show overlapping tissue speciﬁcity with the Hxk2 pro-
moter, indicating that starch turnover takes place in these tis-
sues. Thus, Hxk2 may play a role both in starch synthesis and
degradation.
Since amylolytic starch degradation always produces small
amounts of glucose [25], Hxk2 may have a role in phosphory-
lating the generated glucose, feeding the emerging glucose-6-
phosphate into glycolysis or the OPPP.
The Arabidopsis genome encodes at least one, presumably
three monosaccharide transporters targeted to the plastid
envelope [26]. Thus it is possible that a stromal Hxk can get
its substrate from the cytosol. Upon glucose import into the
plastid the stromal Hxk could feed glucose-6-phosphate into
starch synthesis or the OPPP.
For guard cells and root plastids there are experimental indi-
cations for a stromal hexokinase. Guard cells use elevated tur-
gor to achieve stomata opening. The necessary organicosmotica are mainly obtained by starch degradation. Guard
cell chloroplasts of Vicia faba have been shown to export malt-
ose, glucose, triose phosphates and hexose phosphates as prod-
ucts of starch breakdown in the light [27]. The authors
suggested the existence of a stromal hexokinase and subse-
quent glycolytic enzymes as one possible metabolic way to ob-
tain hexose phosphates and triose phosphates after hydrolytic
starch breakdown.
Puriﬁed pea root plastids were tested for their ability to gen-
erate NADPH through the OPPP. The NADPH was then used
to form glutamate from added glutamine and 2-oxoglutarate,
catalyzed by glutamate synthase [28]. To the surprise of the
authors glucose as OPPP substrate was able to drive the reac-
tion, indicating a stromal hexokinase which phosphorylated
the glucose using endogenous ATP and fed it into the OPPP.
We are not aware of any detailed analysis of sugar metabo-
lism in starch sheath and xylem parenchyma of a C3 plant, so
there are no experimental indications for a stromal hexokinase
in these tissues. The promoter of a bean phenylalanine ammo-
nia-lyase is active in xylem parenchyma cells and root tips,
indicating a highly active phenylpropanoid pathway [29]. Phe-
nylpropanoid biosynthesis is dependent on the shikimate path-
way, which starts from erythrose-4-phosphate, one
intermediate of the OPPP. A stromal hexokinase could feed
the OPPP after amylolytic starch degradation or glucose im-
port, yielding erythrose-4-phosphate and the necessary reduc-
tion equivalents for further downstream reactions.
Based on these data in the respective plant tissues it appears
that Hxk2 more likely is involved in starch degradation than in
starch synthesis, although on principle both ways are possible.
So far, there is no indication that Hxk2 plays a role in sugar
sensing [1]. However, it will be interesting to analyze transgenic
plants without stromal Hxk to see the impact on starch and
secondary metabolism in the respective tissues.
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